Abstract The core-nanoshell composite materials with magnetic fly-ash hollow cenosphere as core and nano SmFeO 3 as shell were synthesized by high-energy ball milling method. The magnetic fly-ash hollow cenosphere, samarium nitrate, and iron nitrate were used as raw materials. The synthesis and growth kinetics of the composite materials were investigated using the thermogravimetry and differential thermal analysis (TG-DTA) at different heating rates. The results show that the precursor of the composite materials decomposes in three steps. The apparent activation energy of each stage was calculated using the Doyle-Ozawa and Kissinger methods. The reaction order, frequency factor, and rate equations were also determined. The activation energy of the nano crystallite growth is calculated to be 16.12 kJ mol -1 according to kinetics theory of nano crystallite growth. It can be inferred that the crystallite grows primarily by means of an interfacial reaction during the thermal treatment. The magnetic properties and microwave absorbing properties of samples were analyzed by the vibrating sample magnetometer analysis and vector network analyzer. The results indicated that the exchange coupling interaction happens between ferrite of magnetic fly-ash hollow cenosphere and nanosized ferrite coating, which cause outstanding magnetic properties. In the frequency between 1 MHz and 1 GHz, the absorbing effectiveness of the composite absorbers can achieve -32 dB. The magnetic properties of the composite material are better than those of single phase. So it is consistent with requirements of the microwave absorbing material at the low-frequency absorption.
Introduction
The core-nanoshell composite materials have a broad application prospect because of its surface effect. However, the high specific surface area makes it become a kind of metastable material. The mean free energy of the material per unit volume has increased with the decrease of the grain size, which leads to the reducing of the thermal stability of the material. For a type of new materials, the thermal stability will influence their application. In recent years, some researches have been done, for example, the synthesis kinetics of nano In 2 O 3 [1] , the grain growth kinetics of FeNiAlGaPBSiC amorphous alloy [2] , preparation and thermal analysis of the bacterial cellulose/polyurethane nanocomposites [3] , and thermal stability of several polyaniline/rare earth oxide composites [4] . But the kinetics of core-nanoshell composite materials with magnetic fly-ash hollow cenosphere (MFHC) as core are rarely studied.
The MFHC is a by-product of thermal power plant. This is turning waste into treasure for the application of cenosphere. When a coal-burning boiler works, the majority of iron minerals in the coal form Fe 2 O 3 , Fe 3 O 4 with the carbon, carbon monoxide acting. They combine with the new silicon, aluminum, and calcium cenosphere material. The density is 3.1-4.2 g cm -3 , and pile density is 1.9-1.8 g cm -3 . It belongs to the strong magnetic mineral, the mean grain size \75 lm [5] . Application of MFHC relates to various fields such as physical, chemical, mechanical, electrical insulation and other aspects because of its special performance. Its most notable features are high intensity, low density, anti-erode, and good stability. It can be modified to become the high-performance microwave absorbing materials.
The processes of synthesis-drying and baking are needed in the preparation of the composite nanomaterials by high-energy ball milling method. Different condensed matter structures have decisive influences on the material performance, so the nucleation and crystal growth process of the material will affect the microstructure and performance. Therefore, it has very remarkable significance that the related kinetics parameters and grain nucleation growth behavior of the composite nanomaterials are analyzed, which can guide the material synthesis.
In this article, the core-nanoshell composite materials were synthesized by high-energy ball milling method, in which MFHC is core and nano SmFeO 3 is shell. The synthesis and growth kinetics of the composite nanomaterial were investigated by the thermogravimetry and differential thermal analysis (TG-DTA) at different heating rates. The apparent activation energy of each stage was calculated using the Doyle-Ozawa and Kissinger methods; the reaction order, frequency factor, and rate equations were also determined. The composite nanomaterials have a strong magnetic property, and then they can be used as magnetic absorbing agent.
Materials and methods

Pretreatment of MFHC
MFHC came from the fly-ash hollow cenospheres of thermal power plant. MFHC was screened under 5000 and 7000 head, and then classification has been carried out for each magnetic particle size. The magnetic fields were 0.05, 0.098, and 0.2 T (Tesla).
MFHC was soaked in CH 2 Cl 2 for 10 min to remove its surface organic residues. Then ultrasonic cleaning technology was used with NaOH solution (0.5 mol L -1 ) for 30 min, which solved the problem of corrosion during removing impurities and greasy dirt with acid or alkali liquor. Meanwhile it removed the left liquid in crevices of cenosphere, which increased the surface activity of the particles, broke the unity between the particles, and improved the quality of coating processes. The transmission electron microscope (TEM) images of MFHC before and after pretreatment are shown in Fig. 1 .
Synthesis
The core-nanoshell composite materials were prepared through high-energy ball milling at room temperature, using analytical grade Fe(NO 3 ) 3 Á9H 2 O, Sm 2 O 3 , MFHC, and additive as starting chemicals. First, stoichiometric amount starting chemicals were mixed and put into the ball mill with 300 revolutions per minute for 30 min at room temperature to get a kind of viscid substance. The precursor was got after the viscid substance was dried at 110°C for 2 h. Finally, the samples were calcined at 450°C for 1 h, and then at 700°C for 3 h. The final product was core-nanoshell composite powder.
Characterization
The thermal analysis was carried out by thermogravimetry and differential thermal analysis (TG-DTA, STA409CD, Netzsch, Germany) with a heating rate of 10°C min -1 in the air. (Temperature ranges was 20-900°C).
The crystal structure of sample was examined by X-ray diffractometer (XRD, Smartlab, Rigaku Corporation, Japan) with Cu-Ka radiation. The width at half-peak of the diffraction crystal surface is measured precisely, and then the grain size of the sample is calculated according to the Sherrer equation:
where D is the grain size (nm), K is the Sherrer constant, b is the physical width value of the diffraction peak, and h is the diffraction angle. The microstructure was observed by scanning electron microscope (SEM, JSM-7401F, JEOL Ltd., Japan) and transmission electron microscope (TEM, JEM-2100, JEOL Ltd., Japan).
The magnetic property analysis was conducted by vibrating sample magnetometer (VSM, VersaLab, Quantum Design, USA), and the microwave absorbing property was analyzed by vector network analyzer (VNA, ZVA40, Rohde & Schwarz, Germany).
Results and discussion
The thermal decomposition of the precursor The XRD analysis of the precursor calcined (Fig. 2) shows that the product is pure-phase SmFeO 3 , because all of the detectable peaks are indexed as the SmFeO 3 with orthorhombic crystal system [6] as shown in the standard data (JCPDS: 00-039-1490). No diffraction peaks of other impurities are observed. The average crystallite sizes of SmFeO 3 samples are calculated using Sherrer equation to be 28 nm. It shows that the coating layer materials are in nanoscale.
The TG-DTA curves ( Fig. 3 ) of the precursor decomposition are measured under different heating rates. According to the DTA curves, the decomposition processes of the precursor can be divided into three stages, during the temperature range of 70-130, 130-240, and 240-380°C, respectively. As seen from TG curves, the mass losses of sample under different heating rates are under the same temperature approximately.
The apparent activation energy in the synthesis process of the nanomaterial is calculated by Doyle-Ozawa [7] and Kissinger [8] method. It shows that the diagram of log b versus 1/T is made in a certain conversion (a) (Fig. 4) , the apparent activation energy can be calculated through the linear slope -0.4567E/R. The temperature of every conversion at different heating rates for the three peaks is given (Table 1) , and the conversion (a) is acquired through the diagram according to the measured quality change data in the TG test.
The activation energies and the correlation coefficients (Table 2) 2 ) versus 1/T m is made according to the Kissinger method and the activation energy is calculated through the slope -E/2.303R. Figure 4 is drawn on the base of the data in Table 3 .
The activation energies and the correlation coefficients (Table 3) The contrast of the activation energies obtained by two different methods (Table 4) shows that the two results calculated are close [9] and the biggest discrepancy is 2.93 kJ mol -1 , which shows that the method is accurate [10] . The average apparent activation energies for the precursor decomposition process of the three peaks are 5.76, 6.95, and 16.88 kJ mol -1 . The reaction mechanism is further determined after calculating the kinetic parameters using non-isothermal process. Satanva [11] believes that the non-isothermal process can be regarded as an isothermal process, assuming that it is in an infinitely small time interval. According to the Arrhenius formula and Tables 3 and 4 , the rate equations of the three peaks, respectively, are: Intensity/a.u. Temperature difference/μV mg -1 Fig. 4 Log b * 1/T plot for E of each peak using DoyleOzawa method a first peak, b second peak, and c third peak Figure 7 is the XRD pattern of SmFeO 3 samples calcined at different temperatures. Figure 7 shows that the nano SmFeO 3 is prepared successfully as a face-centered orthorhombic. The crystallization of SmFeO 3 is imperfect at 600°C, it shows that the lower temperature is not conducive to the formation of crystals. The crystallization is very well at 700 and 800°C, they both have similar curves, but the particle diameters are different. The particle size becomes larger as the temperature rises. There are miscellaneous peaks except SmFeO 3 at 900°C, this indicates that some other phase transitions have occurred.
In the synthesis process of the nanocrystalline SmFeO 3 , temperature control is the key in order to limit the particle size and retain a perfect crystal form and excellent performance. 700°C is suitable as tempering temperature based on XRD results. The MFHC coated is calcined at 450°C for 1 h, and then at 700°C for 3 h. Figure 8a , b shows the SEM images of MFHC before and after being coated. Figure 8b shows that the nanocrystalline SmFeO 3 is coated on the surface of MFHC. Coating layer is formed preferably, in which integrity and particle size distribution are more even. However, the high-temperature calcining promotes agglomeration of nanocrystalline grain and causes particles of the coating layer to become larger in SEM.
The result of XRD above shows that the size of nanocrystalline grain SmFeO 3 is 28 nm. The reason for the difference between XRD and SEM is that XRD only reflects the grain size, that is, the particle size is reflected by XRD only when the grain is particle. A particle is composed of several grains because agglomeration occurs in the sample measured in this thesis. So, the size shown between XRD and SEM has differences.
The influence of different calcination temperatures on the grain size is researched using the XRD data of different calcination temperatures, and then the diagram of the relationship between ln D and 1/T is displayed in Fig. 9 . The activation energy of the nano crystallite growth has been calculated via the straight slope -E/R as 16.12 kJ mol . It can be inferred that the crystallite growth mechanism is diffusion mechanism and it is an interfacial reaction because the activation energy is lower. The magnetic properties of the core-nanoshell composite materials Figure 10 shows the hysteresis loop curve of MFHC, SmFeO 3 , and the composite nano-absorbents. Figure 10a shows that the MFHCs themselves have some magnetism; in view of their low density, low cost, and the characteristics of changing waste into treasure, its surface modification can be done with a coating material doped with rare earth element. 2 ) * 1/T m at different heating rates of every peak. a First peak, b second peak, and c third peak Speed mode is on Fig. 7 The XRD pattern of SmFeO 3 samples calcined at different temperatures Figure 10b shows that SmFeO 3 has a strong magnetism. The magnetic variation of the perovskite material SmFeO 3 comes from the magnetic moment of the rare earth and iron element. It reveals the interaction mechanism of the spinlattice coupling in the process of magnetical ordering from the microscope. The lattice structure will have a significant change with the increase of the degree of magnetic order, since the spin-lattice coupling is stronger in the perovskite material SmFeO 3 . Conversely, the ideal perovskite type of oxide crystal structure ABO 3 is usually distorted, and there is the tolerance factor t. It will help to promote the ferromagnetic phase transition, causing the enlargement of ferromagnetic coupling, if A, B-site substitution causes a significant change in the lattice structure (that is, the t value becomes larger). These will improve the magnetic properties of materials. Figure 10c is a smooth hysteresis loop. It shows that the saturation magnetization, residual magnetization, and coercivity of the composite nano-absorbents have increased exponentially compared with cenosphere and SmFeO 3 , while the energy product also increases greatly, so it is more suitable for permanent magnet materials. So, it can be considered that the exchange coupling happens between ferrites of MFHC and SmFeO 3 . Grain exchange coupling interaction can prevent their directions of magnetic moment from changing along the easy magnetization when two neighboring grains contact directly [12, 13] . So, the magnetic moment at the interface changes continuously from one grain direction of easy magnetization to another grain direction of easy magnetization. The magnetic moment along the direction of the external magnetic field will increase when the magnetic moment arranges from chaotic to parallel, and the remanence increasing effect will be produced. The ferrites of MFHC and SmFeO 3 array get closer because MFHC is coated by solid-phase method. It leads to the magnetic moment orientation array from one SmFeO 3 nanoparticle magnetic moment direction of easy magnetization to another SmFeO 3 nanoparticle through ferrites of MFHC. The exchange coupling interaction improves magnetic properties of the composite nano-absorbents. Therefore, the composite nano-absorbents are of both low density and high magnetic characteristics, and they could be expected to replace the single-phase magnetic material. Microwave absorbing properties of the core-nanoshell composite particles Table 5 is the sample serial number. The relationship of absorbing effectiveness and frequency on samples has been shown in Fig. 11 . It shows that the absorbing effectiveness of samples has a difference at the same frequency because the component and structure of absorbent is different. Material composition and structure will greatly affect the performance. The absorbing effectiveness of the single material has some changes with frequency rise, but that of the composite particles has obvious changes. Microwave absorbing properties of the core-nanoshell composite particles are much stronger than the single material, which possibly implies the existence of exchange coupling action between ferrite of cenosphere and SmFeO 3 nanoparticles.
Two kinds of mechanisms could be proposed to explain the stronger microwave absorbing properties for the corenanoshell composite particles [5] . The first mechanism is that the exchange coupling could exist between SmFeO 3 and ferrite of MFHC. The range of effective exchange coupling is equal to the thickness of magnetic domain wall (about 10 nm). When grain size is nano-level, the effect of remanence increase is notable, so the magnetic loss can be increased, and it is better to improve absorbing properties. The second mechanism is the dipole polarization. The nanocomposite is such a perfect system, because the polarized cores can play the role of dipoles, especially at low-frequency, as demonstrated in the SmFeO 3 nanoparticles which have coated MFHC. Considering the nanoparticles on coreshell type microstructure, it is reasonable that the dipole polarization is dominant at 1 MHz and 1 GHz frequency and the weak space charge polarization mainly works at higher frequencies. Sample 3 had not been pretreated, so it contains more impurities and the coating is uneven. Its microwave absorbing properties is poorer than sample 4.
Conclusions
(1) The core-nanoshell composite materials with MFHC as core and nano SmFeO 3 as shell were synthesized by high-energy ball milling method. The average reaction activation energies of the three peaks were calculated, respectively, as 6.07, 7.14, and 15.93 kJ mol -1 using Doyle-Ozawa and Kissinger method. The rate equations calculated through the Kissinger method are: 
(2) The nanocrystalline SmFeO 3 was obtained from the precursor after preheating at 450°C for 1 h and then annealing at 700°C for 3 h; it is crystallized completely and the particle is uniform. The nanocrystal SmFeO 3 has very low grain growth activation energy of only 16.12 kJ mol -1 . (3) The magnetic properties and microwave absorbing properties of samples were analyzed. The results indicated that the exchange coupling interaction happens between ferrite of MFHC and the coating of nanosized perovskite doped with Sm, which causes outstanding magnetic properties. In the frequency between 1 MHz and 1 GHz, the absorbing effectiveness of the core-nanoshell composite materials can achieve -32 dB. The magnetic properties of the composite material are better than those of single-phase, so it is consistent with requirements of the microwave absorbing material at low-frequency absorption. Fig. 11 Relationship of absorbing effectiveness and frequency on samples
